INTRODUCTION
Accurate in-situ measurement of part dimensions during fabrication is of much interest to the manufacturing industry for process automation [1] . This work addresses one such application, with a specific goal to make precise on-line thickness measurements on thin metal parts of rotation: hemispherical shells 100 to 200 mm in diameter. Current manufacturing practice prevents monitoring the thickness before final inspection is performed at a separate metrology station. With the shells held in place by a vacuum chuck in a turning center, part access is restricted to one side for in-process monitoring, suggesting the ultrasonic technique for the measurement.
The desired accuracy is ±2.S pm (100 pin) at all points on the hemispherical parts. The ultrasonic approach is to precisely measure the echo transit time of short wave pulses in the wall of the part, and to calculate the part thickness knowing the material sound speed. To that end, an in-depth feaSibility study of the ultrasonic technique was accomplished on a set of flat disk samples possessing a range of measured transit time t to the sample thickness d: d = V * t. That work is summarized here and, in addition, sensor and electronic component factors are addressed for their affect on system precision.
Finally, the application of these findings to the development of a prototype ultrasonic sensor system for making in-process measurements on turned parts is described.
EXPERIMENTAL

Samples
Hemispherical shells of uniform wall thickness, and a shell of variable wall thickness and external geometry, have been studied. Two representative shells are pictured in Fig. 1 . The variable geometry shell (a) was nominally 160 mm in diameter with a wall thickness ranging from 1 to 2 mm.
The uniform wall hemisphere (b) was 200 mm in diameter and 1.5 mm thick. (a) a variable geometry and thickness part, and (b) a hemispherical part of uniform thickness. Fig. 2 A photograph of the ultrasonic sensor interrogating a part. At upper right is the domed angular housing, from which a clamp extends holding the sensor nozzle, with liquid stream coupling of ultrasound provided to the shell exterior at lower left.
Ultrasonic Hardware
The ultrasonic sensor consisted of a 10 MHz, 6 mm diameter, transducer focused at about 75 mm in water, and housed in a nozzle with a 5 mm exit orifice. The nozzle was held in a clamp attached directly to the encoder shaft for precise angulation control.
In Fig. 2 , the tapered nozzle extends from the angulator clamp with a couplant-feed hose and coax cable attached. The machine water-based cutting/cooling fluid, pumped to the nozzle housing, provides stream coupling to the shell surface.
The ultrasonic pulser/receiver system was a commercially available broadband system capable of a dimensional output rate in excess of 10 kHz.
In these initial tests, a pulse repetition rate of 3.2 kHz was used, with an internal instrument adjustment set to average a chosen echo pair of 64 successive echo trains, thereby generating a dimensional output rate of 50 Hz.
The instrument drove the transducer in a pulseecho mode.
The instrument response to the echo transit time was defined by a start/stop clock triggered at the half-amplitude echo levels. For enhanced precision with this triggering scheme, a transducer to target separation of nominally 20 mm (much less than the focal distance) was used to generate like amplitude echoes at the beginning of each echo train. At this target distance, the half-amplitude beam width incident on the shell part was about three millimeters.
ULTRASONIC THICKNESS PRECISION
Numerous material and sensor factors affect ultrasonic velocity, and therefore dimensional precision.
Material factors, assuming full density so that porosity is not a factor, include the texture, grain size, temperature, residual stress, frequency dispersion, and part surface roughness, Those factors, summarized below for their error contribution, were addressed in some detail in [5] .
Sensor factors include the angle of incidence, a finite beam width on variable thickness and curved parts, and beam diffraction.
An ultrasonic sensor generates an insonified region of finite width, and as a result is an areal rather than a point technique. Areal insonification on a variable thickness part in turn impacts on measurement precision.
For example, over the width of an insonified area one mm in diameter on a one-degree wedged part, the thickness varies by 17 ~m.
In order to reduce the beam size, the sensor may be focused. But this in turn contributes to refraction at the couplant-part interface which alters the conditions for plane wave propagation. Refraction effects and part lensing also pertain due to the small but finite curvature of the part over the beam width. Once inside the material, diffraction effects further alter the beam size and wavefront. Both diffraction [9] and refraction form a complex analytical issue for the transit time of the wave pulse.
In practice, it is suggested that a judiciously chosen sensor (of favorable beam shape for the part thicknesses of interest) be calibrated for its transit-time response over the appropriate thickness range and part curvature.
Software corrections may then be applied to compensate for sensor/system nonlinearities. These material and sensor factors which affect the ultrasonic accuracy of shell thickness are summarized in Table I . Those which are considered negligible are given a 0.01% error estimate. The allowable error budget of ±2.5 ~m on a 1500 ~m thick part is ±O.17%. The evaluation of the sensor factors, listed in their estimated descending order of importance, has not been completed. Although the undetermined sensor factors in Table I prevent a decisive statement, from [2) and [5) we conclude that the velocity (due to material) variations might be allowed to consume the entire error budget.
For example, if a 0.1 ns precision transit time can be achieved in practice for a round-trip echo time of 0.5 ~s by time averaging repeated echo trains, a quadrature addition of this uncertainty with that for V permits ~V/V to dominate the right-hand-side of the error equation:
ON-LINE APPLICATION
With feasibility demonstrated using longitudinal wave transit times on the sample disks, the ultrasonic technique was applied to the shells pictured in Fig. 1 . This led to the design and fabrication of a prototype system for in-process thickness measurements.
Prototype System
The prototype in-process shell thickness measurement system designed for shell interiors and exteriors is illustrated in Fig. 3 . The system consists of a rotary arm to position the ultrasonic sensor normal to the surface being measured, a PC type control for data acquisition and analysis, and an ultrasonic sensor and pulser/receiver system. Fig. 3 An automated on-line prototype ultrasonic sensor system for making precise thickness measurements on thin parts of rotation.
The direction e of the surface normal varies along the profile of any curved surface. Therefore, in order to keep the ultrasonic sensor normal to the hemispherical shell, the sensor must rotate through 90 degrees as it moves along the surface of the part during the thickness measurement. This is accomplished by attaching the sensor to a rotary arm which is actuated by a DC motor. Using a high precision optical encoder and a digital motion control system, the sensor is positioned against the shell surface within about 0.1 degree of normal. By mounting the rotary arm on the tool turret of the turning center, two additional linear degrees of freedom are provided to the sensor. The total three degrees of freedom (X, Z, e) allow the sensor to be simultaneously kept at the same nominal distance from the target surface and normal to it at all times during the measurements.
The PC is a key element of the measurement system.
It is responsible for controlling the position of the rotary arm, generating numerical control (NC) programs for inspection, downloading these programs to the machine tool CNC controller, starting the measurement process, acquiring data from the ultrasonic pulser/receiver unit, synchronizing the data acquisition with the motion of the sensor and the part which is mounted on the machine spindle, and finally analyzing, storing and plotting the acquired shell thickness data.
The angular position of the rotary arm is controlled by the PC via the digitial motion control card which is resident in the PC.
Control programs for the inspection are generated using the geometric design data of the part being machined and the previously measured sensor location within the machine reference coordinates. The part geometry data is provided to the PC in the form of an ASCII table of part coordinates and corresponding surface normal directions and wall thicknesses at each coordinate. The current version of measurement software is capable of generating NC programs for two different types of CNC controllers. These programs are downloaded to the CNC controller of the machine via a RS-232 serial I/O interface. By sending a Cycle Start command to the machine tool CNC, the PC initiates the inspection process.
The synchronization of the data acquisition is achieved by establishing a positive handshaking protocol between the PC and the CNC. After each sensor step, the CNC waits for the PC to read thickness data. The PC in the meantime reads the data coming from the ultrasonic pulser/receiver via a parallel I/O interface. Upon completion of the data recording, the PC sends the proceed command to the CNC to move the sensor to the next position along the surface. By counting the number of steps the sensor has moved, the PC keeps track of the actual position of the sensor and adjusts the position of the rotary arm accordingly.
To minimize the time requirements, the data is stored in RAM during the measurements. The analysis, plotting and permanent storage of the data is done after completion of the data acquisition.
A hardware initialization procedure aligns the sensor relative to the part, defining its position in machine coordinates. Special advantage is taken of the ultrasonic technique to accomplish these alignment procedures. The machine chuck face and a steel sphere mounted on the spindle axis serve as ultrasonic targets for pulse-echo amplitude measurements during alignment. Angulation normal to the chuck face defines zero degrees e, where the sensor beam is parallel to the spindle axis. Normality to better than 0.1 degree is achieved by a peak-search software routine using detected-echo amplitude and optical-encoder e inputs. The target to sensor distance (nominally 3 mm) is set by stepping in the Z direction with e equal to zero while monitoring the liquid coupling transit time.
Finally the (X, Yo' Z) coordinates of the sensor are identified by targeting on a sphere (ball bearing), centered on the spindle axis, at zero and ninety degrees. Here, Yo is the permanently set Y position for the sensor beam to be in the X-Z plane inclusive of the machine spindle axis.
Shell Measurement
The shells were ultrasonically measured in forty-five consecutive concentric scans, e-stepping in two degree increments from the part equator to the pole (0° azimuth).
The rate of rotation was 10 rpm, resulting in about 300 dimensional data for each circumferential scan assuming a 50 Hz output data rate.
(We note that the scanning rate may be increased in practice, while retaining the same data density, by increasing the pulse rate and/or decreasing the number of pulses averaged.)
The accumulated data were put into both graphical and tabular formats for PC display. Figure 4 is a graphical presentation of a single scan taken at the 62° azimuth on the part shown in Fig. 2 . The ultrasonic thickness in micrometers is plotted as a function of part rotation angle.
Here, all data is observed to lie within the ±25 ~m fabrication tolerance (dashed lines) of the 1501 ~m design thickness (center dotted line) for this azimuth.
Each of the approximately 300 plotted data represents an areal average of part thickness due to beam width and part rotation.
In the example of Fig. 4 , the part circumferential scan distance was 320 mm. With a part rotation rate of 10 rpm, an areal swath 2.5 mm (beam width) by 6.4 mm (in the direction of the moving surface) was covered for each averaged datum.
Alternatively, a tabular format is available to quantitatively summarize the data with one line of information dedicated to each scan. Included is the design thickness for that azimuth, the average thickness measured ultrasonically, the maximum, and minimum ultrasonic values in that scan, the number of points out-of-tolerance, and finally a record of the number of times a loss of signal may have occurred.
Presuming the shell material is of high integrity, a loss of signal would normally indicate a break in the sensor-part coupling fluid.
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The repeatability of a scan such as Fig. 4 was encouraging. With identical conditions, the average, minimum and maximum values on successive runs repeated to plus or minus one or two micrometers.
In the final analysis, the precision capability of the ultrasonic technique to do thin part dimensional inspections will need to be determined by a comparison to presently accepted measurement methods on a set of shells representative of the manufacturing process.
CONCLUSIONS
A program was initiated to determine the feasibility for in-process ultrasonic wall thickness measurements of thin (1 to 2 mm) stainless steel parts of rotation, to an accuracy of 2.5 ~m.
Short bursts of ultrasound are directed to the part through a liquid coupling stream, to subsequently echo back and forth between the wall boundaries. A measure of the echo transit time yields the part thickness, assuming a known sound velocity V in the material. A study was made of the many factors affecting system precision. These included the intrinsic and extrinsic material properties affecting V, geometric factors affecting the path length, and the sensor/instrument response linearity.
It was concluded that the desired accuracy could be achieved, depending principally on the material grain size and, therefore, on manufacturing process controls.
An on-line prototype thickness sensor system was then designed and fabricated for application to hemispherical shells. The data repeatability of successive runs has been encouraging. A final analysis of the ultrasonic technique's viability will require an absolute comparison of the dimensional data to that obtained with the presently accepted (off-line) contacting-probe laser interferometer technique.
